Abstract. This paper re-approaches structural engineering through an interactive perspective by introducing a series of tools that combine parametric design with structural analysis, thus achieving a synergy between the architectural shape and its structural performance. Furthermore, this paper demonstrates how the design can be realised into an efficient structural form by applying novel techniques of formfinding through the exploitation of the generated analytical output. The combination of these tools and their parametric control contributes to a new design approach that outrides the generation of single solutions and enables a deeper exploration of the design parameters leading to multiple performance-based outcomes. This paper describes the integration between a Parametric Design software, McNeals Grasshopper 3D and a Finite Element Analysis software, Autodesks Robot Structural Analysis. The generated synergy between form and structure is demonstrated through a series of case studies through which the interactive control of the parameters the enables the designer to iterate between a range of form-found solutions.
Introduction
The rapid advance in CAD technology has enabled architects to overcome the traditional design boundaries and to transform any imagined shape into a persuasive building. In this context, structural design is lagging behind and engineerings engagement with architecture is still restricted. This traditional approach cannot keep up with the modern design process and the engineer is unable to give feedback to the architects design, often stalling the design process. While a large variety of tools serving architectural geometry, such as parametric modelling, is available for use by architects, allowing limitless capabilities and speed in design, the engineering industry remains adherent to traditional structural analysis and design techniques. This paper introduces a novel design procedure through a series of tools that interactively manage and form-find structures. An overview of combining a parametric design software, Grasshopper 3D [1] with a structural analysis software, Autodesk Robot Structural Analysis [2] , through the use of computer programming is presented. This combination enables the engineer to retain better control over his designs by employing a performance based approach and it speeds up the design process while allowing for the exploration of new optimum structural solutions [3, 4] . By extending the capabilities of parametric design to include and implement structural analysis, the engineer can move away from the traditional ways of structural thinking and relax the technical boundaries. The results deriving from a structural analysis need no longer be single solutions to problems but parameters that feed into the architectural form and conclude to an optimum shape.
To demonstrate the capabilities of a structural extension to parametric design, two examples of distinct design cases are presented in this paper. Both cases employ the performance based approach by first interactively visualising structural analysis results and then utilising them to iterate between a range of structurally optimum solutions which respond to the designers control.
Interactive Structural Modelling and Analysis
The interactive framework that enables a performance based analysis was achieved by linking together McNeals Grasshopper 3D and Autodesks Robot Structural Analysis using C# programming language. Grasshopper 3D is a plugin built in .NET framework to access McNeals core software, Rhinoceros 3D in order to control and manipulate geometry in a generative manner. The functionality of Grasshopper 3D (GH) can be extended by writing code in C# or VB DotNet programming language to create custom components. In parallel, Robot Structural Analysis (RSA) allows the interaction with other software and the use of its Calculation Engine through an Application Programming Interface (API) [5] .
Methodology
A major part of the process of generating the framework is translating the geometric model to an FEM model. A distinction should be first made between the way that CAD software and FEM software understand and control geometry: when modelling a structure, a set of notions should be taken into account in order to facilitate the process of defining and analysing its performance. These notions can be defined as the structural modelling entities and include nodes, bars and panels and match real building elements as foundations, beams, slabs and so on. Some of these entities also exist in the pure geometric model, sometimes with different naming, and in fact determine a similar notion. For example, two points can
